Bone is a major storage site for TGF␤ superfamily members, including TGF␤ and bone morphogenetic proteins. It is believed that these cytokines are released from bone during bone resorption. Recent studies have shown that both RANKL and macrophage colony-stimulating factor are two essential factors produced by osteoblasts for inducing osteoclast differentiation. In the present study we examined the effects of bone morphogenetic protein-2 on osteoclast differentiation and survival supported by RANKL and/or macrophage colonystimulating factor. Mouse bone marrow-derived macrophages differentiated into osteoclasts in the presence of RANKL and macrophage colony-stimulating factor. TGF␤ superfamily members such as bone morphogenetic protein-2, TGF␤, and activin A markedly enhanced osteoclast differentiation induced by RANKL and macrophage colony-stimulating factor, although each cytokine alone failed to induce osteoclast differentiation in the absence of RANKL. Addition of a soluble form of bone morphogenetic protein receptor type IA to the culture markedly inhibited not only osteoclast formation induced by RANKL and bone morphogenetic protein-2, but also the basal osteoclast formation supported by RANKL alone. Either RANKL or macrophage colony-stimulating factor stimulated the survival of purified osteoclasts. Bone morphogenetic protein-2 enhanced the survival of purified osteoclasts supported by RANKL, but not by macrophage colony-stimulating factor. Both bone marrow macrophages and mature osteoclasts expressed bone morphogenetic protein-2 and bone morphogenetic protein receptor type IA mRNAs. An EMSA revealed that RANKL activated nuclear factor-B in purified osteoclasts. Bone morphogenetic protein-2 alone did not activate nuclear factor-B, but rather inhibited the activation of nuclear factor-B induced by RANKL in purified osteoclasts. 
Bone is a major storage site for TGF␤ superfamily members, including TGF␤ and bone morphogenetic proteins. It is believed that these cytokines are released from bone during bone resorption. Recent studies have shown that both RANKL and macrophage colony-stimulating factor are two essential factors produced by osteoblasts for inducing osteoclast differentiation. In the present study we examined the effects of bone morphogenetic protein-2 on osteoclast differentiation and survival supported by RANKL and/or macrophage colonystimulating factor. Mouse bone marrow-derived macrophages differentiated into osteoclasts in the presence of RANKL and macrophage colony-stimulating factor. TGF␤ superfamily members such as bone morphogenetic protein-2, TGF␤, and activin A markedly enhanced osteoclast differentiation induced by RANKL and macrophage colony-stimulating factor, although each cytokine alone failed to induce osteoclast differentiation in the absence of RANKL. Addition of a soluble form of bone morphogenetic protein receptor type IA to the culture markedly inhibited not only osteoclast formation induced by RANKL and bone morphogenetic protein-2, but also the basal osteoclast formation supported by RANKL alone. Either RANKL or macrophage colony-stimulating factor stimulated the survival of purified osteoclasts. Bone morphogenetic protein-2 enhanced the survival of purified osteoclasts supported by RANKL, but not by macrophage colony-stimulating factor. Both bone marrow macrophages and mature osteoclasts expressed bone morphogenetic protein-2 and bone morphogenetic protein receptor type IA mRNAs. An EMSA revealed that RANKL activated nuclear factor-B in purified osteoclasts. Bone morphogenetic protein-2 alone did not activate nuclear factor-B, but rather inhibited the activation of nuclear factor-B induced by RANKL in purified osteoclasts. These findings suggest that bone morphogenetic proteinmediated signals cross-communicate with RANKL-mediated ones in inducing osteoclast differentiation and survival. The enhancement of RANKL-induced survival of osteoclasts by bone morphogenetic protein-2 appears unrelated to nuclear factor-B activation. (Endocrinology 142: 3656 -3662, 2001) I T IS BELIEVED that bone-resorbing osteoclasts are derived from hemopoietic progenitors of the monocytemacrophage lineage. We have developed a mouse coculture system of hemopoietic cells and primary osteoblasts to investigate the regulatory mechanism of osteoclast formation (1, 2) . A series of experiments has established the concept that osteoblasts/stromal cells are essentially involved in the differentiation of hemopoietic progenitors into osteoclasts (1) (2) (3) (4) . Macrophage colony-stimulating factor (M-CSF; also called CSF-1) was first shown to be an essential factor produced by osteoblasts/stromal cells for osteoclast development (5). It was also hypothesized that osteoblasts/stromal cells express another essential factor, called osteoclast differentiation factor (ODF), as a membrane-bound cytokine in response to bone-resorbing factors such as 1␣,25-dihydroxyvitamin D 3 [1␣,25-(OH) 2 D 3 ] and PTH.
We recently succeeded in molecular cloning of ODF from a cDNA library of ST2 cells, which supports osteoclast formation in the cocultures (6) . The deduced amino acid sequence of ODF showed that this factor is a member of the TNF ligand family and is identical to RANKL, TNF-related activation-induced cytokine, and OPG ligand, which were independently identified by other studies (7) (8) (9) . A soluble form of RANKL together with M-CSF induced osteoclast differentiation from mouse hemopoietic cells and human peripheral blood mononuclear cells even in the absence of osteoblasts/stromal cells (6, 9 -11) . Thus, RANKL is a cytokine essential for inducing osteoclast differentiation. This idea was further supported by the findings that targeted disruption of the gene encoding either RANKL or RANK similarly leads to severe osteopetrosis with a complete absence of osteoclasts in the deficient mice (12) (13) (14) . OPG is a soluble decoy receptor for RANKL that inhibits osteoclast Abbreviations: BMP, Bone morphogenetic protein; BMPR, BMP receptor; 1␣,25-(OH) 2 D 3 , 1␣,25-dihydroxyvitamin D 3 ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GM-CSF, granulocyte-macrophage colony-stimulating factor; M-CSF, macrophage colony-stimulating factor; MNC, multinucleated cell; NF-B, nuclear factor-B; ODF, osteoclast differentiation factor; sBMPR, soluble BMPR; TRAP, tartrateresistant acid phosphatase. differentiation and function induced by RANKL (6, 9 -11, 15-18) . OPG knockout (Ϫ/Ϫ) mice exhibited severe osteoporosis (19, 20) . Administration of OPG to mice or rats strongly inhibited osteoclastic bone resorption and increased bone mineral density (16, 18) . These findings indicate that OPG functions as a negative regulator of osteoclast differentiation and function. Interestingly, the expression of RANKL, M-CSF, and OPG is recognized in many types of tissues, indicating that the expression of RANKL is not specific to bone tissues (15) (16) (17) (18) . This suggests that a factor(s) other than RANKL could determine the precise appearance of osteoclasts in bone.
Bone morphogenetic proteins (BMPs) were first identified as cytokines that induce ectopic bone formation in vivo when implanted into muscular tissues (21) . The deduced amino acid sequence of BMPs has indicated that they are members of the TGF␤ superfamily. Calcified tissues such as bone and dentine contain a large amount of TGF␤ and BMPs. It was shown that TGF␤ and BMPs are released from bone during osteoclastic bone resorption (22) . The receptors for TGF␤ and BMPs are members of a family of transmembrane serine/ threonine kinases (23) . The intracellular signals of the TGF␤ superfamily are transduced via specific sets of type I and type II. Two type I receptors (BMPR-IA and BMPR-IB) and one type II receptor (BMPR-II) have been identified for BMP-2 and BMP-4 (24 -26) . The extracellular domain of the type I receptor is sufficient for stable binding to BMPs and subsequent formation of a heteromeric complex with the intact type II receptors (24, 27, 28) . We have established methods for obtaining a large amount of a soluble form of the extracellular domain of BMPR-IA (sBMPR-IA) using silkworm expression system (29) and the Novegen expression system (Novegen Inc., Madison, WI). This sBMPR-IA was in a monomer form in solution and bound to BMP-4, but not to activin or TGF␤1 (29) . Alkaline phosphatase activity induced by BMP-2 in the mouse osteoblastic cell line MC3T3-E1 and in the bone marrow stromal cell line ST2 was markedly inhibited by sBMPR-IA added simultaneously (29) .
Although the role of BMPs in osteoblast differentiation has been extensively investigated, their action on osteoclast differentiation and function has not been elucidated. In the present study we explored the role of BMPs in osteoclast formation and function. BMP-2 dramatically increased osteoclast formation in bone marrow-derived macrophage cultures treated with RANKL and M-CSF. Like OPG, sBMPR-IA strikingly inhibited osteoclast formation supported by RANKL with and without BMP-2. BMP-2 also enhanced the survival of purified osteoclasts supported by RANKL. Both BMP-2 and BMPR-IA mRNAs were expressed not only in osteoclast progenitors, but also in mature osteoclasts. The present findings suggest that the potentiating effects of BMP-2 on osteoclast formation and activation may be important for the precise appearance of osteoclasts in bone tissues.
Materials and Methods Drugs
Recombinant human M-CSF (Leukoprol) was obtained from Yoshitomi Pharmaceutical Co. (Osaka, Japan). Recombinant human BMP-2 was provided by Yamanouchi Pharmaceutical Co., Ltd. (Tokyo, Japan).
Recombinant sBMPR-IA was prepared by fusing the extracellular domain of BMPR-IA (amino acids 20 -152) to the Flag-tag sequence using the Novagen expression system (29a). Recombinant human TGF␤1 and activin A were purchased from Genzyme/Techne (Cambridge, MA). Recombinant human OPG and a soluble form of mouse RANKL were prepared as described previously (6, 18) . Type I collagen gel solution (cell matrix type IA) was obtained from Nitta Gelatin, Inc. (Osaka, Japan). Bacterial collagenase and 1␣,25-(OH) 2 D 3 were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Other chemicals and reagents used were of analytical grade.
Mouse bone marrow macrophage cultures
Five-to 8-wk-old male ddY mice were obtained from Sankyo Co., Ltd. (Tokyo, Japan). Bone marrow cells prepared from the tibia of ddY mice were suspended in ␣MEM containing 10% FBS (JRH Biosciences, Lenexa, KS) and cultured in 48-well plates (1.5 ϫ 10 5 cells/0.3 ml⅐well) in the presence of M-CSF (100 ng/ml). After culturing for 4 d, nonadherent cells were completely removed from the culture by pipetting (30) . Almost all of the adherent cells expressed macrophage-specific antigens such as Mac-1, Moma-2, and F4/80 (30) . These macrophages were further cultured for 3 d with vehicle (control), BMP-2 (300 ng/ml), TGF␤ (10 ng/ml), or activin A (10 ng/ml) in the presence or absence of RANKL (100 ng/ml) and M-CSF (100 ng/ml). Some cultures were simultaneously treated with OPG (10 ng/ml) or sBMPR-IA (1000 ng/ml). Cells were then fixed and stained for tartrate-resistant acid phosphatase (TRAP; a marker enzyme of osteoclasts) as described previously (31) . TRAP-positive multinucleated cells (MNCs) containing more than three nuclei were counted as osteoclasts under microscopic examination. Some cultures were stained for both TRAP and alkaline phosphatase (a marker enzyme of osteoblasts) as previously described (32) .
Survival assay of mature osteoclasts
Primary osteoblasts were prepared from the calvaria of newborn ddY mice (31) . Osteoblasts and freshly prepared bone marrow cells were cocultured in ␣MEM containing 10% FBS and 1␣,25-(OH) 2 D 3 (10 -8 M) in 100-mm-diameter dishes precoated with collagen gels (31) . Osteoclasts were formed within 6 d in the coculture, and all cells were removed from the dishes by treatment with 0.2% collagenase. The purity of osteoclasts in this preparation was about 5%. To purify osteoclasts, the crude osteoclast preparation was replated in culture dishes (24-well dishes). After culture for 8 h, osteoblasts were removed with PBS containing 0.001% pronase E (Calbiochem, La Jolla, CA) and 0.02% EDTA as described previously (31, 33) . The purity of osteoclasts in this preparation was about 95%. Some cultures were then stained for TRAP. The other cultures were further incubated for the indicated periods in the presence or absence of RANKL (100 ng/ml) and/or BMP-2 (300 ng/ml), and stained for TRAP. TRAP-positive MNCs were counted as living osteoclasts.
PCR amplification of reverse transcribed mRNA
For semiquantitative RT-PCR analysis, total cellular RNA was extracted from bone marrow-derived macrophages, osteoblasts, and purified osteoclasts. Purified osteoclasts were prepared from cocultures of osteoblasts and bone marrow cells. Macrophages were treated with RANKL (100 ng/ml) and/or BMP-2 (300 ng/ml) for 24 h. Total cellular RNA was extracted using TRIzol solution (Life Technologies, Inc., Grand Island, NY). First strand cDNA was synthesized from the total RNA with random primers and subjected to PCR amplification with EX Taq polymerase (Takara Biochemicals, Shiga, Japan) using specific PCR primers: mouse RANK, 5Ј-GCAAACCTTGGACCAACTGCAC-3Ј (forward, nucleotides 533-554) and 5Ј-AATCCACCGTGCTTTCAGTCCC-3Ј (reverse, nucleotides 1186 -1207); mouse BMP-2, 5Ј-GATTGACTCCATT-GGCCCTA-3Ј (forward, nucleotides 4202-4221) and 5Ј-GGCTAGTT-TCTGGGCAGTTG-3Ј (reverse, nucleotides 4401-4420); mouse BMPR-IA, 5Ј-GGGTCGTTACAACCGTGATT-3Ј (forward, nucleotides 699 -718) and 5Ј-CGCCATTTACCCATCCATAC-3 (reverse, nucleotides 902-921); mouse granulocyte-macrophage colony-stimulating factor (GM-CSF), 5Ј-CTTTGTGCCTGCGTAATGA-3Ј (forward, nucleotides 500 -519) and 5Ј-GAGTCAGCGTTTTCAGAGGG-3 (reverse, nucleotides 592-611); mouse calcitonin receptor, 5Ј-TTTCAAGAACCT-TAGCTGCCAGAG-3Ј (forward, nucleotides 1023-1046) and 5Ј-CAAG-GCACGGACAATGTTGAGAAG-3 (reverse, nucleotides 1564 -1586); mouse c-Fms, 5Ј-AACAAGTTCTACAAACTGGTGAAGG-3Ј (forward, nucleotides 2653-2677) and 5Ј-GAAGCCTGTAGTCTAAGCATCT-GTC-3Ј (reverse, nucleotides 3381-3405); mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5Ј-ACCACAGTCCATGCCATCAC-3Ј (forward, nucleotides 566 -585) and 5Ј-TCCACCACC-CTGTTGCT-GTA-3Ј (reverse, nucleotides 998-1017). Preliminary experiments were performed to ensure that the number of PCR cycles was within the exponential phase of the amplification curve. PCR products were separated by electrophoresis on a 2% agarose gel.
EMSA
Purified mouse osteoclasts were treated with RANKL (100 ng/ml) and/or BMP-2 (300 ng/ml) for 30 min. Nuclear extracts were then prepared from osteoclasts as previously described (33) . A nuclear factor-B (NF-B) binding oligonucleotide sequence (5Ј-AGCTTGGG-GACTTTCCGAG-3Ј) was used as a radioactive DNA probe. The DNA binding reaction was performed at room temperature in a volume of 30 l, which contained the binding buffer [10 mm Tris-HCl (pH 7.5), 1 mm EDTA, 4% glycerol, 100 mm NaCl, 5 mm dithiothreitol, and 100 mg/ml BSA], 3 g poly(dI-dC), 1 ϫ 10 5 cpm of a 32 P-labeled probe, and 8 g nuclear proteins. After incubation for 15 min, the samples were electrophoresed on native 5% acrylamide/0.25 ϫ TBE gels. The gels were dried and exposed to x-ray film.
Statistical analysis
The data were analyzed by one-factor ANOVA and t test (StatView, Abacus Concepts, Inc., Berkeley, CA). The t test was performed when the ANOVA indicated significance at the P Ͻ 0.0001 level. All values are the mean Ϯ sem of quadruplicate cultures.
Results
We modified a mouse bone marrow culture system to obtain highly purified osteoclast progenitors (30) . Mouse bone marrow cells were cultured for 3 d with M-CSF, then nonadherent cells were completely removed from the cultures. The remaining adherent cells expressed macrophagespecific antigens such as Moma-2, Mac 1, and F-4/80, and there were very few alkaline phosphatase-positive stromal cells in this preparation (30) . The bone marrow-derived macrophages differentiated into TRAP-positive MNCs when they were cultured with RANKL (100 ng/ml) and M-CSF (100 ng/ml) for 3 d (Fig. 1) . BMP-2 (300 ng/ml) markedly stimulated the formation of TRAP-positive MNCs supported by RANKL and M-CSF (Fig. 1, A and C) . Bone marrowderived stromal cells were rarely observed in the macrophage preparation even after culture for 3 d. Most TRAP-positive cells were formed apart from alkaline phosphatase-positive stromal cells in the presence and absence of BMP-2 (Fig. 1B) . The TRAP-positive MNCs induced by RANKL together with BMP-2 were also positive for calcitonin receptors (data not shown). TGF␤1 (10 ng/ml) or activin A (10 ng/ml) enhanced TRAP-positive MNC formation induced by RANKL and M-CSF (Fig. 1C) . However, none of the TGF␤ superfamily cytokines induced osteoclast differentiation in the absence of RANKL. The addition of OPG completely inhibited osteoclast formation induced by RANKL and BMP-2 (Fig. 1C) .
A soluble form of the extracellular domain of BMPR-IA, sBMPR-IA, has been shown to antagonize BMP activity in the target cells. Therefore, we examined the effects of sBMPR-IA on osteoclast formation in bone marrow macrophage cultures. sBMPR-IA (1000 ng/ml) strongly suppressed osteoclast formation induced not only by the combination of RANKL and BMP-2, but also by RANKL alone (Fig. 2) .
We next examined the expression of mRNAs encoding BMP-2 and BMPR-IA using RT-PCR. Both bone marrow macrophages and purified mature osteoclasts expressed mRNAs of RANK, BMP-2, and BMPR-IA at levels comparative to those in osteoblasts (Fig. 3A) . Treatment of bone FIG. 1. Potentiating effects of BMP-2 on osteoclast formation in bone marrow-derived macrophage cultures induced by RANKL and M-CSF. Mouse bone marrow cells were cultured in the presence of M-CSF (100 ng/ml) for 4 d to prepare adherent macrophages. Macrophages were further cultured for 3 d with M-CSF (100 ng/ml) in the presence or absence of BMP-2 (300 ng/ml) and/or RANKL (100 ng/ml). A, Cells were fixed and stained for TRAP. Bar, 100 M. B, Cells were fixed and stained for both TRAP and alkaline phosphatase. The inset shows alkaline phosphatase staining of primary osteoblasts cultured for 3 d as the positive control. Bar, 100 M. C, Adherent macrophages were treated with vehicle (control), BMP-2 (300 ng/ml), TGF␤ (10 ng/ml), or activin A (10 ng/ml) in the presence of RANKL (100 ng/ml) and M-CSF (100 ng/ml). Some cultures were simultaneously treated with OPG (10 ng/ml). Cells were then fixed and stained for TRAP, and the number of TRAP-positive MNCs was scored. Values are expressed as the mean Ϯ SEM of quadruplicate cultures. Similar findings were obtained in four independent sets of experiments. *, Significantly different from the control cultures (P Ͻ 0.01).
marrow macrophages with RANKL and/or BMP-2 for 24 h showed no significant changes in the expression level of RANK, c-Fms (M-CSF-receptor), and GM-CSF mRNAs (Fig.  3B) . Expression of those mRNAs remained unchanged in the macrophage cultures treated with RANKL and/or BMP-2 for 3 d, although osteoclasts were formed in some cultures (data not shown). These findings indicate that stimulation of osteoclast formation by BMP-2 was not due to changes in RANK, c-Fms, and GM-CSF expression in bone marrow macrophages.
Purified osteoclasts spontaneously died in a time-dependent manner in the absence of osteoblasts (Fig. 4, A and B) . We have shown that three cytokines, RANKL, IL-1, and M-CSF, directly supported the survival of purified osteoclasts (33, 34) . BMP-2 (300 ng/ml) also enhanced the survival of purified osteoclasts in the presence of RANKL (Fig. 4) . BMP-2 alone showed no stimulatory effect on the survival of osteoclasts (Fig. 4A) . BMP-2 did not enhance the survival of osteoclasts supported by M-CSF (Fig. 4C) . sBMPR-IA (1000 ng/ml) strongly inhibited RANKL-induced survival of osteoclasts (Fig. 4C) . These findings suggest that the BMP-meditated signaling pathway plays an important role in the RANK-RANKL interaction not only in osteoclastogenesis but also in the survival of osteoclasts.
An EMSA revealed that RANKL activated NF-B in purified osteoclasts (Fig. 5) . BMP-2 itself failed to activate NF-B, but, rather, inhibited NF-B activation induced by RANKL in purified osteoclasts (Fig. 5) . This indicated that enhancement of RANKL-induced survival of osteoclasts by BMP-2 was not due to the activation of NF-B.
Discussion
We previously reported that recombinant BMP-2 stimulated differentiation of pluripotent immature stromal cells (C3H10T1/2 cells) into osteoblasts (35, 36) . Concomitantly, BMP-2 inhibited the differentiation of C2C12 myoblasts into multinucleated myotubes and induced the expression of typical phenotypes of osteoblasts (37) . These findings indicated that the BMP-mediated signaling pathway induced osteoblastic differentiation not only of immature mesenchymal progenitor cells, but also of myogenic cells. However, the effects of BMPs on the differentiation of osteoclasts, which is controlled by osteoblasts in normal bone via membranebound expression of both M-CSF and RANKL (38) , have not been extensively investigated. Abe et al. (39) reported that BMP-2 increased osteoclast formation by 4-to 6-fold in PTHtreated bone marrow cultures that contained both hemopoietic and osteoblastic stromal cells. Koide et al. (40) showed that the combination of BMP-2 and IL-1␣ elevated the expression of both cyclooxygenase-2 and RANKL mRNAs in osteoblasts, resulting in enhancement of osteoclast differentiation. However, we report here that BMP-2 directly enhanced osteoclastic differentiation of the progenitor cells in bone marrow macrophage cultures treated with RANKL and M-CSF. Osteoclast formation induced by RANKL and BMP-2 was suppressed by the addition of sBMPR-IA. sBMPR-IA also inhibited RANKL-induced osteoclast formation even in the absence of exogenous BMP-2. These findings suggested that BMP-mediated signals were involved not only in osteoblastic bone formation, but also in osteoclastic bone resorption.
Sells Galvin et al. (43, 44) . These findings clearly explained the observations that TGF␤2 transgenic mice developed osteoporosis due to enhanced osteoclast formation (45) , and that transgenic mice expressing a cytoplasmically truncated TGF␤ receptor type II showed marked reduction of osteoclast formation (46) . Consistent with those findings, sBMPR-IA inhibited RANKL-induced osteoclast formation even in the absence of exogenous BMP-2. We also determined that both osteoclast progenitors and purified osteoclasts expressed BMP-2 mRNA. This suggests that endogenous production of BMP-2 by osteoclast progenitors is involved in their differentiation into osteoclasts induced by RANKL in the present cultures. It has also been demonstrated that TGF␤1 mRNA was constitutively expressed by mouse bone marrow macrophages and by osteoclasts in human giant cell tumor of bone (47) . Although the mechanism by which these soluble forms of TGF␤ receptor superfamily members similarly inhibit RANKL-induced osteoclast differentiation is not known, TGF␤ superfamily cytokines appear to be important for recruiting osteoclasts as autocrine or paracrine regulators.
Kanatani et al. (48) first reported that BMPR-IA mRNA was expressed in hemopoietic blast cells supported by GM-CSF. It was found in the present study that both bone marrow macrophages and purified mature osteoclasts expressed BMPR-IA mRNA. When osteoblasts were removed from the (51) reported that mature rabbit osteoclasts expressed BMP receptors, and BMP-2 directly stimulated their pit-forming activity even in the absence of exogenous RANKL. The difference between their findings and those of the present study may be due to the different species-derived osteoclasts used. Despite this difference, these findings suggest that BMP-mediated signals are involved not only in osteoclast differentiation, but also in osteoclast function.
GM-CSF is a potent inhibitor of osteoclast differentiation from their progenitors in the mouse culture system (52, 53). Wani et al. (54) reported that PGE 2 enhanced osteoclast formation induced by RANKL in M-CSF-dependent bone marrow macrophage cultures. Subsequently, using mice lacking PG G/H synthase-2, Okada et al. (55) showed that enhancement of RANKL-induced osteoclast formation by PGE 2 in mouse bone marrow cultures was caused by inhibition of GM-CSF expression. BMP-2 did not reduce GM-CSF mRNA expression in osteoclast progenitors in the present study. Furthermore, no significant change in mRNA expression of RANK and c-Fms was observed in osteoclast progenitors treated with BMP-2. Therefore, stimulation of osteoclast differentiation by BMP-2 seems to be independent from the changes in RANK, c-Fms, and GM-CSF expression in osteoclast progenitors. We have previously shown that activation of NF-B was involved in the survival of osteoclasts supported by IL-1 or RANKL (33, 34) . BMP-2, however, did not stimulate, but, rather, inhibited, RANKL-induced activation of NF-B in purified osteoclasts. This suggests that signals other than NF-B are involved in the survival of osteoclasts induced by RANKL and BMP-2. Both Smad1 and Smad5 are involved in the BMP signals, whereas Smad2 and Smad3 are involved in TGF␤ signals in the target cells (56) . However, BMP and TGF␤ showed similar effects on osteoclast progenitors in the present study. This suggests that signaling pathways other than Smad-mediated pathways are involved in the enhancement of RANKL-induced osteoclast differentiation by TGF␤ superfamily members. The differentiation and survival of FIG. 3 . Expression of mRNAs of RANK, c-Fms, calcitonin receptors, BMP-2, and BMPR-IA in bone marrow macrophages, primary osteoblasts, and purified osteoclasts (A) and effects of RANKL and BMP-2 on the expression of RANK, c-Fms, and GM-CSF mRNAs in bone marrow macrophages (B). Mouse bone marrow cells were cultured in the presence of M-CSF (100 ng/ml) for 4 d to prepare adherent macrophages. Primary calvarial osteoblasts and purified osteoclasts were prepared as described in Materials and Methods. A, Total RNA was extracted from bone marrow macrophages, purified osteoclasts, and osteoblasts and amplified by PCR for mouse RANK (30 cycles), c-Fms (30 cycles), calcitonin receptors (30 cycles), BMP-2 (32 cycles), BMPR-IA (32 cycles), and GAPDH (25 cycles) using the respective specific primer pairs. PCR was performed under conditions determined to be in the linear range of product formation. B, Bone marrow macrophages were cultured for 24 h with or without RANKL (100 ng/ml) and/or BMP-2 (300 ng/ml) in the presence of M-CSF (100 ng/ml). Total RNA was then extracted from macrophages and subjected to semiquantitative PCR analysis for RANK, c-Fms, GM-CSF, and GAPDH using respective specific primer pairs. Similar findings were obtained in four independent sets of experiments.
osteoclasts are tightly regulated by MAPK-mediated signals (33, 57) . Therefore, MAPK pathways rather than Smadmediated ones may be involved in the osteoclastic bone resorption enhanced by TGF␤ superfamily members. How TGF␤ superfamily members potentiate RANKL-induced osteoclastogenesis is unknown, but the members appear to be important regulators of bone resorption as well as bone formation.
These data provide evidence for a direct role of TGF␤ superfamily members on osteoclast progenitors and mature osteoclasts. As bone has an abundant store of latent TGF␤ that is released and activated as a consequence of bone resorption, regulation of TGF␤ activity is paramount to maintenance of osteoclast formation and function. Notwithstanding the effects of TGF␤ on the osteoblast, the abundance of local activated TGF␤ coincident with the pathologies observed in cancer-induced metastasis and rheumatoid arthritis would favor the recruitment and survival of osteoclasts. These activities of TGF␤ and BMPs would contribute to the enhanced bone loss observed in these conditions. . Purified osteoclasts were prepared on culture dishes as described in Materials and Methods. A, Purified osteoclasts were incubated with BMP-2 (300 ng/ml) and/or RANKL (100 ng/ml) for the indicated periods. Cells were then fixed and stained for TRAP, and the number of TRAP-positive osteoclasts was scored. Values are expressed as the mean Ϯ SEM of quadruplicate cultures. B, Purified osteoclasts were cultured for 36 h with vehicle (control), RANKL (100 ng/ml), and RANKL (100 ng/ml) plus BMP-2 (300 ng/ml). Cells were then stained for TRAP. Bar, 100 M. C, Purified osteoclasts were treated with M-CSF (100 ng/ml), RANKL (100 ng/ml), BMP-2 (300 ng/ml), or sBMPR-IA (1000 ng/ml). After culture for 48 h, cells were fixed and stained for TRAP, and the number of TRAP-positive osteoclasts was scored. Values are expressed as the mean Ϯ SEM of quadruplicate cultures. Similar findings were obtained in four independent sets of experiments.
FIG. 5. Effects of RANKL and/or BMP-2 on the activation of NF-B in purified osteoclasts. Purified osteoclasts were prepared in culture dishes as described in Materials and Methods. Purified osteoclasts were treated for 1 h with RANKL (100 ng/ml), BMP-2 (300 ng/ml), or RANKL (100 ng/ml) plus BMP-2 (300 ng/ml). Nuclear extracts were prepared and analyzed using an EMSA with an NF-B-binding oligonucleotide probe as described in Materials and Methods. Similar findings were obtained in four independent sets of experiments.
